To investigate the potential of segmental bioelectrical impedance analysis (BIA) for assessing regional composition and muscle mass in children. DESIGN: Strengths of relationships were determined between (a) BIA indices of trunk, limbs or limb segments and (b) segment fat or fat-free mass (FFM) assessed using dual-energy X-ray absorptiometry (DXA); the extent of agreement was established between two independent models, based on DXA and BIA, of limb muscle and adipose tissue (AT) mass. SUBJECTS: Eighteen boys and 19 girls aged 8 -12 y. MEASUREMENTS: BIA and anthropometry of trunk, whole limbs, limb segments and defined sections were used to calculate segmental impedance indices and specific resistivities; segment fat and FFM were obtained using DXA; muscle and AT masses of limbs, segments and sections were estimated using DXA and BIA models, and by anthropometry. RESULTS: Segmental BIA indices were significantly related to composition of the segments assessed using DXA; although substantial bias was observed, there was fairly good agreement (low 95% limits of agreement) between the BIA and DXA models of muscle mass and estimates from each were similarly categorised in tertiles, as were estimates of AT. CONCLUSION: Segmental BIA appears to have potential for assessing in children the composition of body segments, as obtained using DXA, and the masses of muscle and AT in whole limbs, limb segments and defined sections.
Introduction
Knowledge of the composition of individual body segments may avail greater understanding of growth and development, the effects of exercise, and disease or trauma. In view of the growing prevalence of childhood obesity 1 there is increasing interest in how obesity influences the regional distribution of gross body components, particularly fat and fat-free mass (FFM). Firstly, the ability to assess regional fatness is important because abdominal fat is a more serious risk factor than peripheral fat for cardiovascular disease. 2 Secondly, the measurement of regional muscle mass 3 is taking on greater significance in children, especially because treatment of obesity in the young should not be allowed to compromise normal growth and development. 4 Therefore, simple and safe portable techniques, such as bioelectrical impedance analysis (BIA), that can provide estimates of gross body composition or tissue systems may be of real value for research into obesity, as well as more general disease states.
The potential of BIA for predicting segment composition under these conditions may be evaluated in healthy children against estimates of segment composition obtained by dualenergy X-ray absorptiometry (DXA), as previously undertaken in adults. 5 Despite its limitations as a reference for whole body composition, discussed in Part 1, 6 DXA appears to be the most appropriate accessible technique that enables assessments of limb and segment composition which are suitable for reference purposes but which are not necessarily of 'gold standard' status. 7, 8 Although magnetic resonance imaging (MRI) has been used as a preferred method for reference estimates of limb skeletal muscle and adipose tissue (AT) in adults, 9, 10 it was not considered appropriate for use in healthy child volunteers due to limited access, constraints on the time allocated for measurements and its daunting nature.
Therefore, the purpose of this study was to evaluate in healthy children the potential utility of segmental BIA for (a) predicting segmental body composition, using DXA for comparison, and (b) assessing skeletal muscle and AT masses of whole limbs, limb segments and sections by independent models developed in adults, using DXA 9, 11 and BIA, 10, 12 as a prelude to the validation of these techniques for clinical practice. Ultimately, research in this area may provide techniques that are capable of assessing regional fat and lean distribution which are suitable for clinical and field use.
Methods
Measurements were obtained on 37 children aged 8 -12 y. Details of these subjects, the study design and anthropometric assessments can be found in the first part of this study. 6 Limb (individual arms and legs) and trunk bone mineral content (BMC), fat-free soft tissue (FFST) and fat were obtained using DXA with an Hologic QDR 1000=W (Hologic, Waltham, MA, USA), following manufacturer's specified instructions, and analysed using software version 'Enhanced Children's Whole Body V5.61' (Vertec Scientific Ltd, Reading, UK). Segment and section (delineated according to the descriptive parameters given below) BMC, FFST and fat were determined using the 'sub-region analysis package' available with the Hologic QDR 1000=W.
Bioelectrical impedance and resistance measurements were obtained at 50 kHz using multifrequency BIA (Model SFB2, SEAC, Brisbane, Australia), with source electrodes at the bases of the fingers and toes and with sensing electrodes placed variously at wrist, elbow, acromion (shoulder), anterior superior iliac spine (ASIS), knee and ankle, according to the segment measurement being undertaken. For further details, see Fuller and Elia 13 and Fuller et al.
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Muscle and AT volumes were assessed in the left leg for upper and lower leg segments, which were delineated according to limits at the ASIS and knee joint space, and knee joint space and ankle, respectively. Indices of segment lengths were obtained by measuring the distance between the centres of the electrodes when in place. 6, 13 Smaller sections were delineated with the intention of better defining muscle and AT because they would be compromised to a lesser extent than the whole segment muscle by variability in dimensions and structure of the muscle, tendon and bone at the approaches to joints. A 15 cm section of thigh, the limits of which extended 7.5 cm either side of a point located twofifths of the distance between knee joint space and ASIS, was considered appropriate in these children, compared to the 20 cm of the larger adult subjects described previously. 9, 10 The lower leg section was defined in the same way as for adults, extending 5 cm either side of a point located twofifths of the distance between knee joint space and ankle joint space. 9, 10 Wherever appropriate for DXA and BIA estimates of muscle and AT, indices of skin surface area, cross-sectional area, volume and mass were obtained from segment or section lengths, circumferences at the same point for sections and segments (as only one circumference was designated due to time constraints), skin thickness and skin density. Children's skin thickness and density were assumed to be the same as adult values; thickness, 0.156 cm for boys and 0.12 cm for girls, and density, 1.145 kg=l for both genders. 9, 11, 14 Limb, segment and section muscle and AT masses were estimated from DXA measurements using equations derived previously from mostly adult data; 11 common equations were used for the boys and girls in this study as there is little material difference between them, especially in view of uncertainties due to inter-individual variability and the extrapolation of these adult equations to children: (quantities in kg; skin from anthropometry). Thigh segment estimates obtained using the DXA subregion analysis package unavoidably included a substantial portion of trunk tissues due to the nature of the demarcation at the ASIS, which extended horizontally across to the centre of the pelvis, whereas the whole limb estimate, obtained as an integral part of the recommended procedure for wholebody analysis, enabled this part of the pelvis to be eliminated by a diagonal cut, determined subjectively. 11 Therefore, in order to eliminate pelvic tissues from the thigh muscle estimate when using the sub-region analysis package, thigh muscle mass was also estimated by difference between the muscle of the whole leg (obtained by the standard wholebody DXA analysis) and lower leg muscle (by the sub-region analysis package).
The centres of receiving electrodes were placed in the segment midline at the limits of sections as designated above and measured from the knee joint space, to reproduce the section as defined for the DXA analysis, on the anterior aspect of the thigh and the posterior aspect of the lower leg. Muscle and AT cross-sectional areas were estimated using the Segmental BIA in children (Part 2) NJ Fuller et al fundamental BIA approach which accounted for specific resistivities at 50 kHz of constituent tissues: The simplified version of this equation was also applied:
A at was calculated by difference between limb cross-sectional area and the summed areas of muscle, skin and bone:
where area of skin (A s ) was obtained from the product of circumference and skin thickness, using the assumptions presented above.
Indices of volumes of muscle and AT in segments and sections were obtained simply by the product of cross-sectional areas (obtained as above) and L, assuming that the mid-point represented an index of mean cross-sectional area because an absolute value was not obtained (see above).
Anthropometric estimates of cross-sectional areas for tissues of the upper arm were estimated from circumference, assuming circularity:
Circumference and skinfold thicknesses (SFT) were used to estimate subcutaneous AT:
A m , also assumed to be circular, was estimated by difference between A and A at of the upper arm, with assumed A b (6 cm
Indices of volumes were calculated as the product of mean cross-sectional area of the upper arm segment and its length, which corresponded to BIA estimates of the upper arm segment.
No equivalent anthropometric estimates were obtained for upper or lower leg due to constraints on time, considerations concerning the possibility of slight pain with SFTs, as expressed by some adults due to pinching, and occasional difficulty in separating the skinfold from underlying tissues in the lower limbs of some individuals.
For converting volumes to masses of muscle and AT, and vice versa, it was assumed that the density of muscle was 1.0414 kg=l and that of AT was 0.916 kg=l. 14 
Statistics
Strengths of relationships between variables were established using Pearson's correlation coefficient (r). Correlation coefficients of 0.43 for the girls (n ¼ 19) and 0.44 for the boys (n ¼ 18) were considered significant (P < 0.05). Paired t-test was used to establish whether or not differences between right and left limbs or dominant and non-dominant limbs were significant. The bias and 95% limits of agreement between techniques and relationships between the size of estimate and difference between methods were established. 16 The significance of any differences between values for r were assessed using Fisher's Z-transformation. Probabilities of <0.05 (Z > 1.96) were considered significant. Subjects were ranked in terms of the amounts of muscle mass and AT in the thigh by the DXA and BIA models and categorised into tertiles. Chance corrected agreement between methods was assessed using Cohen's kappa (k), which determines how many exact agreements were observed in excess of those that would have been obtained by chance alone. 17 Ethical approval This study was approved by the local Ethical Committees of Addenbrooke's Hospital, Cambridge, and the Dunn Clinical Nutrition Centre. Verbal consent was ascertained from each child and written informed consent obtained from their parents.
Results
General characteristics of the children who volunteered for this study appear in Part 1. 6 The greater mean BWt of the girls was due entirely to their greater mean body fat, as FFM was the same for boys and girls, with these findings consistent for each of the individual segments (Table 1) . Although mean mass for the right arm was significantly greater than for the left arm, because of significantly greater BMC and FFST and the same proportion of fat, these differences were very small (all less than 4%) and were confounded by difficulties in distinguishing arm from trunk tissues. There were no significant differences between dominant and nonSegmental BIA in children (Part 2) NJ Fuller et al dominant arms. In contrast, there were no differences between left and right legs and only small, but significant, differences of about 2% or less for FFST between dominant and non-dominant legs. Therefore, only results for the left side of the body are presented in Table 1 . Variability in both whole-body and segmental fat was greater than that for the other gross body components (Tables 1 and 2 ). Although over half of the body fat was distributed in the legs for both sexes (Table 2) , the coefficient of variation for the relative amount of fat in the trunk (30% in girls and 40% in boys) was substantial relative to that of fat in the leg (10 and 7%, respectively) and arm (15 and 16%, respectively). Segmental measurements are presented in Part 1 of this report. 6 In addition, mean (s.d.) delineated section measurements (upper leg, 15 cm; lower leg, 10 cm) were as follows: impedance -for the upper leg in boys, 29.1 (5.0) Ohms, and girls, 28.0 (5.3) Ohms, and the lower leg in boys, 38.4 (8.2) Ohms, and girls, 35.8 (5.9) Ohms; and segment specific resistivity indices for the upper leg -in boys, 201 (25) Ohms cm, and girls, 234 (45) Ohms cm, and lower leg in boys, 210 (44) Ohms cm, and girls, 226 (37) Ohms cm. The only significant difference between boys and girls was for the upper leg specific resistivity (P < 0.05).
Segmental impedance measurements adjusted for length were strongly related to segment FFM (Table 3) . Indices of specific resistivity were less strongly related to segment FFM but considerably better related to the proportion of fat in each segment (Table 3) .
Estimates derived using DXA models of muscle and AT masses of whole limbs, leg segments and sections are presented in Table 4 . In all these body regions, mean muscle mass estimates were similar between the genders, whereas AT mass was significantly greater in girls. Table 5 presents estimates of muscle and AT of the left leg, its segments and sections derived using the BIA model (each estimate corresponding to the equivalent estimate obtained with the DXA model). Estimates of muscle were 2 -4% higher and AT mass 2 -4% lower when the simple version of the BIA equation was applied to whole limb, segment or section analysis. BIA estimates of whole arm muscle were 0.83 (s.d. The extent of agreement between the DXA and BIA models (bias and 95% limits of agreement) for assessments of segment and section muscle mass is presented in Table 6 . There were substantial biases between methods. In addition, Segmental BIA in children (Part 2) NJ Fuller et al the limits of agreement were fairly large for the lower leg sections (values over 50% above and below the bias for both boys and girls), but were considerably closer for thigh sections (28% for boys and 35% for girls) and closer still for the Segmental BIA in children (Part 2) NJ Fuller et al larger segments (from 16% for lower leg in the boys to 22% for thigh estimates in the girls). However, despite limited agreement between these models in absolute terms, they both allocate into the same tertiles about 80% of estimates (Table 7) for muscle (k, 0.68) and AT mass (k, 0.68), the remaining estimates all being placed in adjacent (middle) tertiles, rather than the endmost tertile. Furthermore, muscle appears to be better categorised by BIA over the full range of DXA estimates than AT, which is itself better categorised by BIA for the higher levels of fatness (Table 7) . Bias and 95% limits of agreement between the DXA and BIA models for whole arm muscle were, respectively, 70.08 and AE 0.12 kg for boys and 70.16 and AE 0.13 kg for girls. Bias and 95% limits of agreement between the BIA model and anthropometry for upper arm muscle were, respectively, 70.14 and AE 0.11 kg for boys and 70.01 and AE 0.16 kg for girls. a Difference between boys and girls significant to P < 0.05. b Thigh segment (independent analysis) estimated by sub-region analysis package includes some pelvic tissues, whereas that by difference between whole limb and calf excludes pelvic tissues, although this analysis may assign some buttock tissue to the trunk (see text for details). NB. There was no significant evidence of differences in composition between right and left limbs or differences between dominant and non-dominant sides. a Difference between boys and girls significant to P < 0.05.
NB. There was no significant evidence of differences in composition between right and left limbs or differences between dominant and non-dominant sides. Table 4 and text for details).
NB. There was no significant evidence of differences in composition between right and left limbs or differences between dominant and non-dominant sides.
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The prediction of skin mass, for use in estimating muscle mass with both techniques, was the same for the sections and segments because all applied assumptions and measurements were the same, ensuring that estimates of skin had no impact on the comparison of the muscle mass in these segments and sections. There was also good agreement between the slightly different procedures for estimating skin mass of the whole leg between the DXA and BIA techniques (DXA mean for boys and girls about 0.35 kg): bias, 0.047 kg (13%) and 95% limits of agreement, AE 0.04 kg (11%). These findings imply that estimates of skin had only a small effect in whole leg muscle estimates (about 2% muscle, or 9% of the bias between methods). Therefore, most of the differences between methods were due to other factors such as the use of inappropriate assumptions.
Discussion
Information regarding the composition of body segments in children is of value for monitoring growth, development and disease, especially as body fat distribution has major implications for cardiovascular disease in later life. 2 This study has demonstrated the potential importance of segmental BIA for assessing regional composition, especially as the capability of an alternative BIA technique for measuring abdominal fatness has recently been explored in adults. 18 Firstly, segmental measurements, that are strongly related to the composition of individual segments, indicate a capability to predict the distribution of body components. Secondly, despite substantial bias and lack of close agreement between the BIA and DXA models of muscle mass, there is some concordance shown when categorising such assessments into tertiles (Table 7) . However, further investigation is required to fulfill this potential, especially as assumed constants are generally not child-specific, being derived mostly from adult data.
Estimates of whole-body composition obtained using DXA were considered less appropriate for reference purposes 7, 8 than those obtained with the 4-CM. 6 Possible sources of error in DXA estimates of soft tissue include the effects of variable thickness and tissue depths, 19 altered hydration of FFM, 20 the assumption that soft tissue overlying bone has similar composition to that in adjacent areas, 7, 8 and the apportioning of tissues to particular segments during analysis of DXA measurements. 11 For example, tissues of the pelvic region are subjectively assigned to the trunk when analysing data from the DXA measurement, but muscle of the buttock region may be assigned to both leg and trunk. 11 Therefore, any evidence of poor agreement between methods may not be entirely attributable to the BIA technique. Despite these reservations, and taking into account the inability of the 4-CM to quantify the composition of individual segments, DXA was considered a valuable method for obtaining reference information regarding segmental composition in these healthy children.
Regional gross composition measured using DXA in these children has shown that, on average, over half of their body fat is located in the legs with less than a quarter in the trunk. However, this exact proportion may be confounded by poorly defined boundaries between leg and trunk, despite pelvic tissues being mostly assigned to the trunk during analysis of the DXA measurements (see Methods
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), reflecting a somewhat analogous situation associated with recognising electrode locations using BIA of the segments. 21 Also, there was substantially greater variability in the amount of fat in the trunk than in the legs or arms. Such factors have implications for the valid utility of SFT to predict body composition in children because the standard SFT measurements at four sites 22 fail to incorporate indices of leg fat, the main site of body fat deposition, possibly contributing to the apparently poor predictability of estimates obtained using SFT measurements in both individuals and groups. 23 -25 For these reasons it may be appropriate in future studies to include measurements of thigh and calf SFT, the importance of which has received consideration previously. 25 The finding of greater whole-body fat in the girls of this study than in the boys 6 was confirmed for each individual segment (Tables 1 and 2 ). In contrast, there were no significant differences between genders in either the amounts or distribution of the FFM (Tables 1 and 2 ). These observations are also generally reflected in significantly greater segment circumferences and cross-sectional areas in the girls and, with the exception of slightly greater trunk length in the girls, no significant differences between genders for segment lengths. 6 Taken together, it is these factors that lead to the ability of segmental BIA to predict differentially DXA estimates of segmental FFM and fat.
In common with relationships established between impedance indices and whole body composition, 6 those between segmental impedance in isolation and the composition of segments seldom reach significance. However, segmental impedances adjusted for segment lengths are strongly related to FFM and, by implication, TBW (segmental TBW is currently unobtainable due to limited technology). Furthermore, segment-specific resistivities were strongly related to the proportion of segment fat. These observations indicate Differences in size and shape between body segments (thinner limbs vs the thicker trunk), which can contribute to uncertainties in body composition predictions from whole-body BIA, 6 might potentially be taken into account by incorporating a correction factor into existing prediction equations to improve their validity. 6 The results of this analysis suggest an alternative means of improving such predictions, by the summing of values obtained from each individual body segment. Strong relationships between segmental BIA and the composition of individual segments indicate that DXA estimates of segmental fat and FFM may be predictable using BIA with a reasonable degree of certainty. Therefore, the summing of individual segments would allow for the contribution of all measurable body segments, including trunk and both bilateral segments (but not head, hands or feet that comprise about 12% of the body), to be taken into account (rather than the single-sided BIA technique). This approach may be especially valuable for individuals with non-symmetrical body geometry.
Segmental composition prediction equations involving BIA and segment lengths have been derived previously for adult women. 5 Reservations regarding the use of these equations in children were well founded as FFM for all segments was substantially (30 -40%) overestimated (results not shown). Furthermore, as the mean DXA whole-body FFM (25.7 kg) from summed segmental estimates closely approximated that of the four-component model (25.5 kg), whereas that for the summed segments predicted from the BIA equations of Bracco et al 5 was substantially higher (34.7 kg, without the head), the need for child-specific segmental prediction equations is indicated.
In the absence of definitive reference data, DXA model estimates of limb muscle (Table 4) appear to be feasible in that they constitute similar proportions of limb FFM as in adults, 11 which is not surprising as the same assumptions (derived in adults) were applied to both groups. The slightly higher proportion of muscle in adults is mainly dependent on the relative amounts of bone mineral to FFST, probably due to incomplete growth and development of tissues in children, and the variable contribution of the fat-free components of AT to FFST. Moreover, estimates of limb muscle obtained using the preferred DXA model, because it apportions gross constituents into all main limb tissue systems according to reference information, 11 are lower, by about 20% for thigh muscle in boys and about 60% for lower leg estimates in girls, than those of an alternative model, 26 which considers FFST to consist mainly of muscle and accounts only for the hydration of bone (results not shown).
Similar considerations concern the estimation of muscle mass using the BIA model in children, the validity of which may also only be verified with child-specific information. Differences between the DXA and BIA models appear to be due more to systematic errors in assumptions (relatively large bias) rather than the effects of measurement discrepancies or inter-individual variability (relatively small 95% limits of agreement). Although uncertain, some assumptions are consistent between these models (eg the composition of skin and bone), implying that systematic discrepancies are due to other factors including the valid use of assumed tissue specific resistivities, especially muscle and AT, and possible variations in the effects of anisotropy in BIA, 15 due to differences in stages of growth and development. Furthermore, the limitations of DXA, 7, 8 including the influence of the extent of hydration of the FFM, 20 which is significantly higher in children, 24 may contribute to such differences. However, these models are promising because both BIA 11 and DXA 27 measurements are precise and, despite discrepancies between them, each model categorises muscle and AT estimates similarly into tertiles (Table 7) .
Conclusions
The results of this study in children of 8 -12 y of age, comparing segmental BIA with segment composition and muscle mass, suggest the following: (1) that, although over half of children's fat is located in the legs, trunk fatness shows the greatest variability between individuals; (2) that indices of segmental BIA corrected for anthropometric variables can be used for predicting segment composition; as in whole body estimates, impedance adjusted for segment length is the index best related to segment FFM, while specific resistivity is best related to segment fat; (3) that there is potential for estimates of whole body composition to be obtained from the sum of segmental composition estimates; (4) that the DXA and BIA models of muscle mass show promise for application in children, but are currently limited by the use of adult-based constants.
Such developments within the existing technologies of DXA and BIA may add to the choice of approaches available for body composition assessment in a variety of clinical circumstances for which traditional methods may be less than adequate.
